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ABSTRACT 

Coal and coa l -de r ived  l i q u i d s  and gases  c o n s t i t u t e  an economica l ly  a t t r a c t i v e  a l t e r -  
n a t i v e  energy source  t o  l i q u i d  pe t ro leum f u e l s .  Ongoing r e sea rch  programs a t  DOE- 
METC a r e  c u r r e n t l y  examining t h e  p o t e n t i a l  of inexpens ive  p roduc t ion  of  c l ean  l i q u i d  
and s o l i d  f u e l s  from c o a l  by mi ld  g a s i f i c a t i o n ,  and of  gaseous f u e l s  by countercur -  
r e n t  p r e s s u r i z e d  f ixed-bed  g a s i f i c a t i o n .  The s imul taneous  r e l e a s e  of gaseous s u l f u r  
s p e c i e s  ( H p S ,  COS, S o p ,  SO,) i s  a n  i n h e r e n t  envi ronmenta l  l i m i t a t i o n  t o  a l a r g e - s c a l e  
p r a c t i c a l  a p p l i c a t i o n  o f  t h e s e  p rocesses .  A computa t iona l  technique  t o  e s t i m a t e  t h e  
r e l e a s e  o f  s u l f u r  from c o a l  and subsequent  cap tu re  by calcium-based so rben t s  i s  
presented  h e r e ,  where bo th  p rocesses  a r e  assumed t o  proceed t o  equ i l ib r ium under 
d e v o l a t i l i z a t i o n ,  g a s i f i c a t i o n  ( r educ ing) ,  and combustion (ox id iz ing )  c o n d i t i o n s .  
A f ree-energy  min imiza t ion  computer program (PACKAGE) i s  used he re  t o  s imula t e  l o c a l  
thermochemical e q u i l i b r i a  i n  t h e s e  r e a c t i v e  atmospheres.  P r e d i c t e d  p a r t i a l  p r e s s u r e s  
of  s u l f u r  s p e c i e s  a r e  compared wi th  exper imenta l  d a t a  on s u l f u r  r e l e a s e  and s o r p t i o n ,  
and conc ius ions  a r e  drawn rega rd ing  che u s e f u i n e s s  and l i m i t a t i o n s  of an equ i l ib r ium 
approach t o  modeling t h e s e  p rocesses .  

1. INTRODUCTION 

Coal u se  f o r  e l e c t r i c  power gene ra t ion  has  inc reased  i n  the  p a s t  decade ,  and coa l  u s e  
f o r  p ropu l s ion  i s  a d i s t i n c t  p o s s i b i l i t y  i n  t h e  nea r  f u t u r e ;  however, t h e  economic 
convers ion  of  c o a l  t o  c l e a n  f u e l s  s t i l l  remains a cons ide rab le  t echno log ica l  cha l -  
l enge .  Coal p y r o l y s i s  i s  perhaps  t h e  o l d e s t  t echnique  f o r  t he  d e r i v a t i o n  of  hydro- 
carbon f u e l s  from c o a l .  I n  a l l  c o a l  convers ion  and u t i l i z a t i o n  p rocesses  ( inc lud ing  
g a s i f i c a t i o n ,  combust ion ,  and l i q u e f a c t i o n ) ,  some form o f  c o a l  p y r o l y s i s  occur s .  
G a s i f i c a t i o n  is  c l o s e l y  r e l a t e d  t o  p y r o l y s i s  i n  t h a t  when c o a l  is  g a s i f i e d  by r e a c t -  
i n g  it a t  h igh  tempera ture  wi th  steam and a i r ,  p y r o l y s i s  i s  t h e  f i r s t  s t a g e  of t h e  
r e a c t i o n  a s  t he  c o a l  i s  hea ted  t o  r e a c t i o n  tempera ture .  S i m i l a r l y ,  p y r o l y s i s  occur s  
a t  t h e  f i r s t  s t a g e  of combustion and i n  l i q u e f a c t i o n  because of t h e  h igh  tempera- 
t u r e s  employed when s o l v e n t s  a r e  r eac t ed  wi th  t h e  c o a l .  

1.1 Coal D e v o l a t i l i z a t i o n :  Curren t  S t a t u s  of Modeling E f f o r t s  

The need t o  unders tand  d e v o l a t i l i z a t i o n  r e a c t i o n  chemis t ry  i s  obvious from t h e  above 
d i s c u s s i o n .  Khan (1)  has  desc r ibed  t h e  expe r imen ta l  p rocedure  used t o  g e n e r a t e  c o a l  
p y r o l y s i s  l i q u i d s ,  g a s e s ,  and s o l i d s  i n  t h e  METC Slow Hea t ing  Rate  Organic D e v o l a t i l -  
i z a t i o n  Reac tor  (SHRODR). This  u n i t  s i m u l a t e s ,  t o  an  e x t e n t ,  t h e  h e a t i n g  r a t e s  and  
r e s idence  t imes  of  t h e  d e v o l a t i l i z a t i o n  zone of a fixed-bed g a s i f i e r .  I n  t h i s  500 m l  
f ixed-bed r e a c t o r ,  100 grams of  c o a l  ( p a r t i c l e  s i z e  -8 by +lo0  mesh) were hea ted  t o  
5OOOC i n  40 minutes  and main ta ined  a t  t h a t  t empera ture  f o r  1 hour .  Two h i g h - v o l a t i l e  
c o a l s ,  P i t t s b u r g h  No. 8 ( con ta in ing  2 weight p e r c e n t  s u l f u r )  and I l l i n o i s  No. 6 ,  were 
t e s t e d .  A s u l f u r  s o r b e n t ,  CaO, was added t o  t h e  c o a l s  by d i r e c t  mixing of  t h e  
components. Product  g a s e s  were c o l l e c t e d  and ana lyzed  us ing  gas  chromatographs.  
R e s u l t s  demonst ra ted  t h a t  t h e  presence  of l i m e  s i g n i f i c a n t l y  reduced t h e  y i e l d  of  
H2S. T o t a l  gas  y i e l d  remained a lmost  unchanged, and t h e  y i e l d  o f  (C,-C,) hydrocarbon 
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gases  and hydrogen inc reased  s i g n i f i c a n t l y .  Grea te r  s u l f u r  cap tu re  was seen  wi th  
sma l l e r  CaO p a r t i c l e s  and a t  h igher  p y r o l y s i s  t empera tu res .  

T y p i c a l l y ,  c o r r e l a t i o n  t echn iques  ( e . g .  [ 2 , 3 ] )  a r e  u t i l i z e d  t o  p r e d i c t  p roduc t  y i e l d  
and composition du r ing  c o a l  d e v o l a t i l i z a t i o n .  K i n e t i c  schemes proposed t o  r e p r e s e n t  
t h e  mechanism of c o a l  p y r o l y s i s  range from two independent  p a r a l l e l  r e a c t i o n s  (4)  t o  
42 r e a c t i o n s  of 14 d i f f e r e n t  f u n c t i o n a l  groups i n  c o a l  ( 5 ) .  Sca ron i ,  e t  a l .  (6), 
have p resen ted  a compromise based on a h i e r a r c h y  of  bond ene rg ie s  i n  t h e  c o a l  s t r u c -  
t u r e .  S e r i o ,  e t  a l .  (7), have reviewed a v a i l a b l e  models t o  d e s c r i b e  t h e  k i n e t i c s  of 
v o l a t i l e  product  e v o l u t i o n  i n  c o a l  p y r o l y s i s .  A l l  t h e s e  approaches s u f f e r  t o  va ry ing  
e x t e n t s  from empiricism. The degree of  c o a l  d e v o l a t i l i z a t i o n  depends on s e v e r a l  
pa rame te r s ,  such a s  c o a l  t ype ,  hea t ing  r a t e ,  t empera tu re ,  p r e s s u r e ,  r e s idence  t i m e  
a t  p y r o l y s i s  tempera ture ,  e t c .  The e x t e n t  of s u l f u r  r e l e a s e  depends on s e v e r a l  add i -  
t i o n a l  v a r i a b l e s ,  such  a s  t h e  form of s u l f u r  i n  t h e  c o a l  ( i no rgan ic ,  o r g a n i c ) ,  s u l f u r  
t r apped  i n  t h e  p y r o l y s i s  l i q u i d ,  in t imacy of  c o n t a c t  between CaO and t h e  pr imary  
p roduc t s  of d e v o l a t i l i z a t i o n ,  e t c .  Given t h e  u n c e r t a i n t i e s  t h a t  u n f o r t u n a t e l y  
d e t r a c t  from any e f f o r t  t o  desc r ibe  t h e  k i n e t i c s  of t h e s e  i n d i v i d u a l  p r o c e s s e s ,  a n  
a l t e r n a t i v e  sys t ema t i c  y e t  t r a c t a b l e  p r e d i c t i v e  procedure  t o  a s s e s s  t h e  p roduc t s  of 
t h e  b a s i c  d e v o l a t i l i z a t i o n  r e a c t i o n  would be of immediate use .  

1 . 2  Coal G a s i f i c a t i o n :  Curren t  S t a t u s  of  Modeling E f f o r t s  

The a t t r a c t i v e n e s s  of  such an i n t e r i m  approach i s  r e in fo rced  by t h e  accumula t ing  
s u l f u r - s o r p t i o n  da ta  from t h e  METC fixed-bed g a s i f i e r ,  which s t i l l  awai t  fundamental  
a n a l y s i s .  A coun te rcu r ren t  f ixed-bed g a s i f i e r  c o n s i s t s  of fou r  ove r l app ing  zones  
(13); Figure  1 ) .  A t  t h e  top  of t he  g a s i f i e r ,  t h e  c o a l  i s  d r i e d  and p rehea ted  by t h e  
e x i t i n g  ho t  p roduc t  gases .  I n  t h e  second zone ,  t h e  c o a l  is  d e v o l a t i l i z e d  and g a s e s  
and t a r s  a r e  r e l eased .  I n  t h e  g a s i f i c a t i o n  zone ,  endothermic  r e a c t i o n s  occur  forming 
carbon monoxide, carbon d iox ide ,  wa te r ,  hydrogen, and methane. Combustion of c o a l  
and oxygen occur s  i n  t h e  combustion zone, r e l e a s i n g  h e a t  t o  suppor t  t h e  g a s i f i c a t i o n  
r e a c t i o n s .  Dry o r  molten a sh  w i l l  form i n  t h i s  zone depending on t h e  maximum combus- 
t i o n  tempera ture .  The e f f e c t s  of  p r e s s u r e ,  ca l c ium/su l fu r  r a t i o ,  and c o a l  and l ime- 
s t o n e  f eeds tock  on s u l f u r  removal e f f i c i e n c y  have been i n v e s t i g a t e d  i n  a series of  
runs  on t h e  METC f ixed-bed  g a s i f i e r .  P re l imina ry  r e s u l t s  i n d i c a t e  t h a t  s u l f u r  cap- 
t u r e  dec reases  a s  p r e s s u r e  i n c r e a s e s ,  and t h a t  r e c y c l e  o f  r egene ra t ion  gases  t o  t h e  
g a s i f i e r  may he r equ i r ed  t o  ob ta in  s i g n i f i c a n t  s u l f u r  cap tu re  a t  h ighe r  p r e s s u r e s .  

Seve ra l  computer models ( e .g .  [3 ,8 ,9 ,10 ,11 ] )  have been developed t o  s imula t e  t h e  
chemical and phys ica l  p rocesses  t h a t  occur  du r ing  s t e a d y - s t a t e  g a s i f i c a t i o n  and h o t  
gas  c leanup.  I n  t h e s e  models,  t y p i c a l l y ,  carbon o u t l e t  f low and o u t l e t  gas  composi- 
t i o n  and f low r a t e  a r e  p r e d i c t e d ,  b u t  s u l f u r  chemis t ry  and t h e  e f f e c t s  of a d d i t i v e s  
a r e  n o t  i nc luded  i n  t h e  c a l c u l a t i o n s .  I n  a d d i t i o n ,  t h e  f i n i t e  chemical k i n e t i c  r a t e  
expres s ions  used by t h e s e  models r e q u i r e  a knowledge of t h e  a p p r o p r i a t e  a c t i v a t i o n  
e n e r g i e s  and r a t e  cons t an t  c o e f f i c i e n t s  f o r  va r ious  c o a l  t ypes .  To o b t a i n  a s u f f i -  
c i e n t l y  comprehensive r e l i a b l e  da t a  base  i s  thus  a Herculean t a s k .  This  problem can  
b e  circumvented t o  a c e r t a i n  e x t e n t  by assuming t h a t  a l l  chemical r e a c t i o n s  proceed  
t o  equ i l ib r ium,  b u t  t h i s  would s t i l l  r e q u i r e  t h a t  t h e  i n d i v i d u a l  equ i l ib r ium r a t e  
c o n s t a n t s  be s p e c i f i e d .  The f ree-energy  minimiza t ion  procedure  developed by White, 
e t  a l .  (121, i s  a numer ica l ly  a t t r a c t i v e  a l t e r n a t i v e  s i n c e  it s p e c i f i e s  no r e a c t i o n  
p a t h s  and h a s  been used t o  perform t h e  e q u i l i b r i u m  thermodynamic c a l c u l a t i o n s  p re -  
s en ted  i n  t h i s  r e p o r t .  

1.3 Modeling Sulfur-Lime Reac t ion  Kine t i c s :  Uncer ta in  E f f e c t  of Pore  S t r u c t u r e  

The equ i l ib r ium approach i s  a l s o  n e c e s s i t a t e d  by t h e  l a c k  ( p a r t i c u l a r l y  i n  a f ixed -  
bed environment) of  a sys t ema t i c  procedure f o r  t h e  d e s c r i p t i o n  of t h e  h igh -p res su re  
s o r p t i v e  c a p a c i t y  f o r  SO2 ( o r  H2S) removal of a g iven  l imes tone  ( o r  do lomi te)  s t a r t -  
i n g  from b a s i c  phys i ca l  p r i n c i p l e s  and expe r imen ta l  i n fo rma t ion .  The e f f e c t  of t h e  
i n i t i a l  po re  s t r u c t u r e  of  t h e  so rben t ,  s t r u c t u r a l  changes du r ing  t h e  c a l c i n a t i o n  



p r o c e s s ,  accumula t ion  of a s u r f a c e  cha r  l a y e r  on t h e  so rben t  p a r t i c l e s  i n  t h e i r  
t r a n s i t  th rough the  ( low- tempera ture)  d e v o l a t i l i z a t i o n  and g a s i f i c a t i o n  zones i n  a 
g a s i f i e r  column a r e  among t h e  phenomena t h a t  few of t h e  p r e s e n t l y  a v a i l a b l e  k i n e t i c  
models i nco rpora t e .  I d e a l l y ,  p r e s e n t l y  a v a i l a b l e  k i n e t i c  codes (13 ,14)  should be  
developed t o  t h e  p o i n t  where they  can d e s c r i b e  t h e s e  phenomena q u a n t i t a t i v e l y ;  b u t  
i n  view o f  t h e  t i m e  and e f f o r t  t h a t  would invo lve ,  a n  i n t e r i m  procedure  t h a t  is 
i n s e n s i t i v e  t o  t h e s e  mic roscop ic - l eve l  d e t a i l s  c o n s t i t u t e s  a f e a s i b l e  a l t e r n a t i v e .  

These cons ide ra t ions  have l e d  t o  t h e  conclus ion  t h a t  a sys t ema t i c  approach t o  
desc r ib ing  s u l f u r  r e l e a s e  and s o r p t i o n  p rocesses  i n  c o a l  convers ion  a p p l i c a t i o n s  is 
needed a t  t h i s  s t a g e ,  even  i f  t h e  approach can  only  y i e l d  ( i n f i n i t e - r a t e )  " l imi t ing"  
informat ion  on s u l f u r  r e l e a s e ,  s u l f u r  removal,  and lime u t i l i z a t i o n .  While t h e  use- 
f u l n e s s  of t h e  p r e s e n t  l o c a l  thermodynamic equ i l ib r ium approach would doub t l e s s  be  
enhanced by  i n t e r f a c i n g  it w i t h  t h e  o v e r a l l  m a t e r i a l  ba l ance  f o r  any s p e c i f i c  c o a l  
convers ion  a p p l i c a t i o n ,  t h e  advancement of unders tanding  a t t a i n e d  wi th  the  p r e s e n t  
p re l imina ry  scheme i s  s t i l l  cons ide rab le .  I n  subsequent  s e c t i o n s  t h e  fundamentals 
of t h e  chemica l -equi l ibr ium a lgo r i thm used he re  a r e  desc r ibed ,  i t s  a b i l i t y  t o  d e a l  
w i th  the  complex chemis t ry  of c o a l  convers ion  p roduc t  mixtures  demonst ra ted ,  and its 
v a l i d i t y  eva lua ted  by comparing p r e d i c t e d  and measured g a s / s o l i d / l i q u i d  phase com- 
p o s i t i o n s  i n  l i m e - t r e a t e d  c o a l  p rocess  s t r eams .  

2 .  THE COMPLEX CHEMICAL EQUILIBRIUM APPROACH: METHODOLOGY 

Product  gas ,  l i q u i d ,  and s o l i d  phase  composi t ions  a r e  e s t ima ted  h e r e  us ing  a n  
equilibrium-thermodynamic computer program on t h e  premise  t h a t  t h e  s p e c i e s  d i s t r i b u -  
t i o n  p red ic t ed  by a f r ee -ene rgy  minimiza t ion  a lgo r i thm i s  t h e  one l i k e l y  t o  p r e v a i l .  

energy minimiza t ion  t o  f o s s i l  f u e l  g a s i f i c a t i o n  p rocesses  t o  p r e d i c t  t h e  e f f e c t  o f  
ope ra t ing  v a r i a b l e s  on t h e  composition of t h e  product  gas  ( i n  t h e  absence of a s u l f u r  
s o r b e n t ) .  This  approach  enab le s  t h e  e s t i m a t i o n  of  t h e  p a r t i a l - p r e s s u r e  d i s t r i b u t i o n  
of all su l fu r -bea r ing  s p e c i e s  i n  the  gas ,  a s  w e l l  a s  t h e  mole f r a c t i o n s  of t h e  
su l fu r - con ta in ing  s p e c i e s  i n  t h e  s o l i d  and l i q u i d  phases ;  t he  a n a l y s i s  i s  t hus  n o t  
l i m i t e d  t o  a few u s e r - s p e c i f i e d  r e a c t i o n s  and p roduc t s .  The u t i l i t y  of  t h i s  method 
i s  l i m i t e d  on ly  by t h e  a v a i l a b l e  thermodynamic d a t a  base  and i t s  assumption of i d e a l  
s o l u t i o n  phases .  Due t o  t h e  demonstrable e f f i c i e n c y  of  t h e  PACKAGE computer code 
(16) i n  modeling complex phase e q u i l i b r i a  i n  c o a l  convers ion  gas  s t reams and c leanup 
d e v i c e s ,  t h e  PACKAGE program has  been used t o  perform the  equ i l ib r ium thermodynamic 
computations p re sen ted  he re .  Inpu t  t o  t h i s  program c o n s i s t s  o f  e l emen ta l  composi- 
t i o n s  of t h e  r e a c t a n t  s t r eams ,  r e l a t i v e  mass f low r a t e s  o f  t h e  r e a c t a n t  s t reams 
( e . g . ,  t he  f u e l / a i r  r a t i o  i n  a combustion c a s e ,  [ coa l+ l ime] / [ a i r+s t eam]  i n  a g a s i f i -  
c a t i o n  s i t u a t i o n ) ,  p r e s s u r e s ,  and tempera tures  of  i n t e r e s t .  I n  t h e  case  of c o a l  
d e v o l a t i l i z a t i o n ,  c o a l  composi t ion ,  d e v o l a t i l i z a t i o n  t empera tu re ,  and p r e s s u r e  would 
c o n s t i t u t e  t h e  i n p u t  parameters .  Output from t h e  PACKAGE program t y p i c a l l y  c o n s i s t s  
of phase f r a c t i o n s  and s p e c i e s  mole f r a c t i o n s  w i t h i n  each  phase  a s  a func t ion  o f  
tempera ture .  The r e s u l t s  of  e x e r c i s i n g  the  PACKAGE programs under cond i t ions  repre-  
s e n t a t i v e  of c o a l  d e v o l a t i l i z a t i o n ,  g a s i f i c a t i o n  and combustion a r e  p re sen ted  i n  t h e  
nex t  s e c t i o n .  

Stirmetr-, e t  31. (I:), hsve pre.. . ious?y 3ppl i -d  t h e  p r i - t i p l e  of  therm3dynamft f r e e -  

3. THE COMPLEX CHEMICAL EQUILIBRIUM APPROACH: FEASIBILITY 

I n  o r d e r  t o  demonst ra te  t h e  s u i t a b i l i t y  of an  equ i l ib r ium approach t o  c h a r a c t e r i z i n g  
c o a l  convers ion  p roduc t  s t r eams ,  i l l u s t r a t i v e  c a l c u l a t i o n s  have been performed over  
a wide range of  o p e r a t i n g  cond i t ions  s imula t ing  c o a l  d e v o l a t i l i z a t i o n ,  g a s i f i c a t i o n ,  
and combustion envi ronments .  The pa rame t r i c  s t u d i e s  p re sen ted  i n  t h i s  s e c t i o n  a r e  
meant t o  c o n s t i t u t e  t h e  o p e r a t i n g  "envelope" f o r  t h e s e  sys tems.  The r e s u l t s  
p re sen ted  h e r e  a r e  most ly  q u a l i t a t i v e  and a r e  in tended  only  t o  show t h e  f e a s i b i l i t y  
of  t h e  approach wi thou t  r e f e r e n c e  t o  q u a n t i t a t i v e  accu racy ;  t h e  l a t t e r  a spec t  w i l l  
be t aken  up i n  t h e  n e x t  s e c t i o n .  



3.1 Devolatilization Products Composition Calculations 

The atmospheric pressure devolatilization calculations presented here pertain to 
slow-heating pyrolysis of Pittsburgh No. 8 coal over a temperature range 600-1200 K. 
In Figures 2 and 3 the effects of temperature on sulfur release and capture during 
coal devolatilization are examined. Figure 2 corresponds to untreated coal, whereas 
Figure 3 displays calculations made for the lime-added case. Under these (fuel-rich) 
conditions, HzS is the dominant sulfur-containing vapor species, with the COS con- 
centration being at least an order of magnitude smaller. Both figures show increas- 
ing sulfur capture with temperature. Calcium and iron originally in the coal can 
capture sulfur to a limited extent, forming CaS and FeS, respectively. Sulfur 
sorption by iron oxide is predicted to be possible at lower temperatures than sorp- 
tion by CaO, due to the fact that the calcination temperature for CaC03 is relatively 
high at atmospheric pressure. Iron and calcium in the coal can recapture close to 
30 percent of the released sulfur at temperatures in excess of 900 K. The effect of 
varying levels of added lime on H2S mole fraction in the gas phase is shown in Fig- 
ure 3 on a semi-logarithmic scale. Clearly, under devolatilization conditions, 
calcium oxide is potentially a very effective sorbent for H2S; indeed, the present 
equilibrium approach can, at best, indicate the maximum sorption potential of any 
additive and enable the evaluation of different sorbents on that basis. 

3.2 Gasification and Combustion Products Composition Calculations 

Figures 4-6 represent equilibrium-thermodynamic calculations performed under gasifi- 
cation conditions. These results simulate the products obtained by reacting together 
varying amounts of coal and moist air at atmospheric pressure, over a temperature 
range 500-1500 K. The liquid and solid phase fractions in the reaction product 
mixture are plotted as a function of temperature and coal/air flow rate ratio in 
Figures 4 and 5, respectively. Sulfur elemental concentration in the product gases 
is plotted against these variables in Figure 6; no distinction has been made in this 
representation of gas-phase sulfur between various sulfur-bearing vapor species (such 
as HzS,  SOz,  SO3, etc.). With increasing temperature the liquids and solids frac- 
tions show a non-monotonic behavior for all fuel/air ratios, while the trend for 
sulfur elemental concentration is very sensitive to the fuelfair parameter. The 
condensed phases comprise principally mineral phases at higher temperatures, and 
sulfates and sulfides at lower temperatures. The program cannot simulate the forma- 
tion of (thermodynamically unstable.) liquid hydrocarbons ("tars"). In the fuel-rich 
case, (S) in the gas decreases slightly with temperature, as in the case of devola- 
tilization; in the fuel-lean case, CaS04(s) will form at temperatures below 700 K, 
providing a significant "sink" for gas-phase sulfur. 

The ability of the PACKAGE program to compute chemical equilibrium compositions under 
coal combustion conditions has been demonstrated in previous work. In the analysis 
of ash deposition on coal-fired gas turbine blades, the prediction of condensed 
liquid ("glue") phase fraction and composition constitutes the first step (17,18). 
In Figures 7 and 8, respectively, PACKAGE-predicted effects of added calcium on 
gaseous SO2 and SO3 are presented. For temperatures greater than about 1300 K 
(depending on the calcium level), added calcium gets bound up in high molecular 
weight vapor and condensed species (e.g., CaA12Si208[s]), and is thus not free to 
react with all the sulfur present. Unbound calcium is still sufficient, however, to 
absorb nearly all of the SO;. 

In this section, it has been shown that the PACKAGE equilibrium-thermodynamic com- 
puter program can estimate the product stream composition in a variety of coal con- 
version applications. It remains to be seen whether any of these equilibrium 
predictions has a basis in reality o r  is strictly of academic value. This concern 
will be addressed in the remainder of this paper. 



4. THE COMPLEX CHEMICAL EQUILIBRIUM APPROACH: VALIDITY 

4.1 Coal Devolatilization AEplications 

In order to assess the applicability of an equilibrium-thermodynamic procedure to 
estimate the coal-devolatilization product gas composition, PACKAGE predictions have 
been compared against in-house SHRODR measurements. Computed and detected molar 
concentrations of the major vapor species released during atmospheric-pressure slow- 
heating pyrolysis of Pittsburgh No. 8 coal are presented in Tables 1 and 2. Pre- 
dicted and observed effects of CaO addition on the composition of devolatilization 
products are shown in Table 1. Results demonstrate that the presence of CaO during 
coal devolatilization significantly reduces the yield of HzS. For  example, for this 
Pittsburgh seam high-volatile coal, the HzS yield was observed to be reduced from 
3.7 volume percent to 0.05 volume percent when 21 weight percent of CaO (Ca:S = 6:l) 
was added to the coal. The equilibrium code overestimates sulfur sorption in the 
no-lime added case, but otherwise predicts the extent of sulfur capture with reason- 
able accuracy, especially when smaller lime particles are added. This accuracy is, 
at first, surprising because the PACKAGE program does a relatively poor job of pre- 
dicting the partial pressures of the major C-H-0 species. The code underestimates 
gas-phase hydrocarbons (CH4, C2H4, CzH6, etc.) by a factor of 2-5 and CO by a factor 
of 2-5 (at 50OOC); it overestimates COP by a factor of 1.5-5, H2 by a factor of 
about 3 ,  and H20 by an order of magnitude. The code also, in general, underpredicts 
COS formation. 

These gross errors in vapor-phase representation by the PACKAGE computer program 
would appear to be consequences of an inadequate thermodynamic data base, as well as 
an inherent failure of the approach itself to model essentially non-equilibrium 
processes, such as tar cracking. Cracking of tar liquids (phenolic compounds in 
particular) to lighter products is a primary cause of increased CH4 and hydrocarbon 
gases (C,-C,) formation (1). The composition of low-temperature (<  700OC) coal tars 
is very complex and strongly dependent on the conditions at which pyrolysis occurs. 
Until a comprehensive library of the thermodynamic properties of complex tar liquid 
mixtures is developed, and utilized along with the equilibrium code, discrepancies 
between observed and predicted devolatilization product composition are bound to 
exist. However, the relatively error-free estimation of HzS(v) concentration in the 
presence of added lime suggests that the equilibrium approach can serve as a tracta- 
ble preliminary scheme for the analysis of sulfur chemistry even in the less reactive 
atmosphere of low-temperature devolatilization. 

This tentative conclusion is strengthened by additional comparisons between predicted 
and observed effects of variations in coal and lime particle size, the devolatiliza- 
tion temperature, and the sulfur sorbent employed. Data obtained with smaller coal 
particles and smaller CaO particles (< 10 micrometers) reveal improved agreement 
between predicted and measured sulfur capture (Table 1). This suggests that a better 
mixture o f  coal and CaO components (and, hence, greater contact between CaO and 
devolatilized sulfur products) is possible when the smaller size fraction is uti- 
lized. This increased intimacy of contact also implies closer approach to equilib- 
rium; indeed, near-equilibrium sulfur capture may be obtained when hydrated lime is 
introduced as a "mist" spray. To investigate the influence of pyrolysis temperature 
on product yield and composition, experiments and computations have been performed 
at 649OC with and without the presence of calcium compounds. The predicted and 
observed percentage of sulfur content (HzS and COS) in the product gases is slightly 
reduced at 649OC compared to that at 5OOOC (Table 1). The increased levels of CO 
and H2 and the reduction in CO at higher temperature are also simulated by the 
equilibrium code. At both temperatures the influence of CaO addition on sulfur 
products is seen to be qualitatively similar, as predicted. 

The equilibrium model cannot simulate differences in the performance of the same 
sorbent (e.g., CaO) prepared from different sources (e.g., CaC03, Ca[OH]2, dolomite, 



ca lc ined  dolomi te ,  hydra ted  ca l c ined  do lomi te ) ,  s i n c e  t h e s e  d i f f e r e n c e s  a r e  caused 
l a r g e l y  by t h e  va ry ing  pore  s t r u c t u r e s  of t h e  s o r b e n t .  D i f f e r e n t i a t i o n  of a d d i t i v e s  
genera ted  from va r ious  p a r e n t  compounds and a t  d i f f e r e n t  t r ea tmen t  c o n d i t i o n s  neces- 
s a r i l y  invo lves  k i n e t i c  modeling; however, t h e  p r e s e n t  e q u i l i b r i u m - r a t e  chemis t ry  
model can  s t i l l  be used t o  compare t h e  maximum r e a c t i v i t y  of  t h e  CaO a d d i t i v e  w i t h  
t h a t  of o t h e r  low-cost i no rgan ic s  ( e . g . ,  CaC03, Fe203, MgO, SiOp). These observed  
and p r e d i c t e d  e f f e c t s  on t h e  SHRODR produc t s  a r e  l i s t e d  i n  Table  2 .  Adding 35 weight  
pe rcen t  CaC03 (Ca/S of about  6) t o  t h e  P i t t s b u r g h  c o a l  a t  500°C i s  observed  t o  reduce  
H2S from 3 . 7  volume pe rcen t  t o  on ly  about  2 . 3  volume p e r c e n t ,  whereas t h e  PACKAGE 
code p r e d i c t e d  a g r e a t e r  r educ t ion .  This  i s  perhaps  a consequence of  p r e v i o u s l y  
r epor t ed  (19)  k i n e t i c  l i m i t a t i o n s  t o  t h e  c a l c i n a t i o n  p rocess  below 600OC. A 
21 weight  pe rcen t  Fe203 s i g n i f i c a n t l y  reduces  t h e  y i e l d  of H2S and COS; t h i s  reduc- 
t i o n  i s  accompanied by t h e  format ion  of  FeS ( t r o i l i t e ,  i d e n t i f i e d  by X-ray d i f f r a c -  
t i o n ) .  These observed e f f e c t s  of  FepOB a d d i t i o n  a r e  a l s o  p r e d i c t e d  t h e o r e t i c a l l y .  
SHRODR exper iments  and s imula t ions  were a l s o  performed wi th  MgO and S i02  a d d i t i v e s .  
However, t h e  presence  o f  t h e s e  ino rgan ic s  has  ve ry  l i t t l e  i n f l u e n c e  on d e v o l a t i l i z e d  
product  y i e l d  and composi t ion ,  a s  p r e d i c t e d  by t h e  PACKAGE computer program. 

4.2 Coal G a s i f i c a t i o n  App l i ca t ions  

I n  view of t h e  long  r e s idence  t imes  (2-3  hours)  a s s o c i a t e d  wi th  fixed-bed g a s i f i e r s ,  
t h e  use  of an equ i l ib r ium approach i s  we l l - su i t ed  t o  t h i s  environment.  Comparisons 
between PACKAGE p r e d i c t i o n s  and exper imenta l  gas-phase s u l f u r  d a t a  ob ta ined  under  
g a s i f i c a t i o n  cond i t ions  i n  t h e  presence  of  so rben t s  a r e  p re sen ted  i n  Table  3 .  The 
H2S concen t r a t ions  r epor t ed  he re  were ob ta ined  by on - l ine  l a b o r a t o r y  a n a l y s e s  o f  
gases  gene ra t ed  du r ing  a s e r i e s  of METC f ixed-bed  g a s i f i e r  runs .  S ince  wa te r  was 
removed from a l l  samples sub jec t ed  t o  o n - l i n e  a n a l y s e s ,  r e s u l t s  a r e  r epor t ed  on a d r y  
gas  b a s i s ;  computer p r e d i c t i o n s  a r e  reproduced i n  Tables  3 and 4 on t h e  same d r y  
b a s i s .  The s ing le - t empera tu re ,  s i n g l e  g a s / s o l i d  r a t i o  a n a l y s i s  p re sen ted  he re  is 
based upon t h e  hypothes is  t h a t  s u l f u r  s o r p t i o n  i n  t h e  g a s i f i e r  column i s  c o n t r o l l e d  
by f a s t  chemical r e a c t i o n s  t h a t  occur  i n  a narrow s e c t i o n  of t h e  column, j u s t  above 
t h e  combustion zone ( s e e  F igu re  1 ) .  F u r t h e r  up i n  t h e  column, c a l c i n a t i o n  of t h e  
l imes tone  a d d i t i v e  i s  no t  thermodynamically f e a s i b l e ,  imply ing  s e v e r e l y  reduced 
s u l f u r  up take  by l imes tone ;  whereas,  below t h i s  c r i t i c a l  s e c t i o n ,  t h e  lime i s  e i t h e r  
s a t u r a t e d  (due t o  abso rp t ion  of  r ecyc le  s u l f u r  d iox ide )  o r  bound up i n  t h e  form of 
s i l i c a t e s ,  a l u m i n o s i l i c a t e s ,  e t c . ,  r e s u l t i n g  from ash  i n t e r a c t i o n s  under  o x i d i z i n g  
c o n d i t i o n s .  

The c a l c u l a t i o n s  shown i n  Table 3 have been performed a t  a tempera ture  of  abou t  
1000 K ,  and t h e  g a s / s o l i d s  flow rate r a t i o  (approximate ly  5 )  c o n s i s t e n t  w i th  t h a t  
t empera ture  i n  the  g a s i f i e r .  The g a s / s o l i d s  r a t i o  r e p r e s e n t s  t h e  d i s t r i b u t i o n  of  t h e  
components of t h e  r e a c t i v e  mixture  i n  t h e  two phases ,  and t h e  t empera tu re  has  been  
chosen on t h e  b a s i s  of  maximum a v a i l a b i l i t y  of ca lc ium t o  r e a c t ;  any tempera ture  i n  
t h e  " tempera ture  window" of  900-1100 K would have served  e q u a l l y  w e l l .  These 
a t t empt s  t o  p r e d i c t  t h e  observed s u l f u r  cap tu re  by means of  a s imple  e q u i l i b r i u m  
thermodynamic approach a r e  no more than  a p re lude  t o  t h e  combined dynamic- 
thermodynamic-kinetic a n a l y s i s  planned f o r  t h e  f u t u r e ;  y e t  even t h e s e  p r e l i m i n a r y  
equ i l ib r ium c a l c u l a t i o n s  show good agreement wi th  exper imenta l  measurements f o r  all 
gas  s p e c i e s  c o n c e n t r a t i o n s ,  i nc lud ing  t h e  hydrocarbons ,  C 0 2 ,  CO,  Hp (Table  4 ) ,  a s  
well a s  H2S (Table 3).  I n  the  case  of t h e  C-H-0 s p e c i e s ,  t h e  h i g h e r  t empera tu res  
invo lved ,  t h e  r e l a t i v e  i n s i g n i f i c a n c e  of  t a r - c h a r  chemis t ry ,  and t h e  c l o s e  approach  
t o  equ i l ib r ium of  t h e  water -gas  s h i f t  r e a c t i o n ,  appa ren t ly  b r i n g  abou t  a b e t t e r  
match between theo ry  and p r a c t i c e .  

The PACKAGE code i s  e q u a l l y  e f f e c t i v e  i n  s i m u l a t i n g  t h e  e f f e c t  of changes i n  ope ra t -  
i n g  v a r i a b l e s  on s u l f u r  up take .  A t  h ighe r  p r e s s u r e s  (200 p s i g ) ,  c a l c i n a t i o n  i s  
de layed  t o  h ighe r  t empera tu res ,  occu r r ing  f u r t h e r  down i n  t h e  g a s i f i e r  column. I n  
t h e  absence  of  excess  ( r ecyc led )  s u l f u r ,  l ime ,  once it forms, immediately r e a c t s  w i t h  
t h e  a s h  mine ra l  c o n s t i t u e n t s  and i s  thus  no t  a v a i l a b l e  t o  r e a c t  w i t h  t h e  s u l f u r .  



When s u l f u r  i s  added i n  t h e  form of a r e c y c l e  SO2 s t r eam,  equ i l ib r ium favor s  t h e  
formation of CaS and Cas04 over  ca lc ium s i l i c a t e s  and a l u m i n o s i l i c a t e s ;  t h i s  r e s u l t s  
i n  inc reased  s u l f u r  c a p t u r e  e f f i c i e n c y  and inc reased  so rben t  u t i l i z a t i o n .  Thus, i n  
h igh-pressure  runs  w i t h  no SO2 r e c y c l e ,  H2S volume p e r c e n t  i n  t h e  g a s  is high and  
i n s e n s i t i v e  t o  Ca/S r a t i o  ( c a l c u l a t e d  w i t h  r e s p e c t  t o  t h e  c o a l ) ,  b u t  low and v e r y  
respons ive  t o  t h e  same parameter  when some s u l f u r  i s  f ed  back i n .  These p r e d i c t e d  
t r e n d s  a r e  c o n s i s t e n t  w i t h  observed g a s i f i e r  performance. Some obse rva t ions ,  such  
a s  t h e  d i f f e r e n c e  i n  e f f e c t i v e n e s s  of  t h e  Germany Val ley  and Lowel lv i l l e  l imes tones ,  
a r e  beyond t h e  c a p a b i l i t y  of t h i s  approach  t o  r a t i o n a l i z e ,  b u t  t h e  p r e s e n t  method- 
o logy  i s  still  o f  v a l u e  i n  e v a l u a t i n g  t h e  l i m i t s  of  performance of g a s i f i e r s  and  
so rben t s .  

4 . 3  Coal Combustion App l i ca t ions  

The equilibrium-thermodynamic approach has  a l s o  been  used t o  ana lyze  t h e  e f f e c t  o n  
combustion gas-phase s u l f u r  concen t r a t ion  of adding  ca lc ium t o  a coa l -water  f u e l .  
Condi t ions  used i n  t h e  c a l c u l a t i o n s  s imula t ed  those  occur r ing  i n  a r e c e n t  GE LM500 
Turbine  S imula tor  run which i n d i c a t e d  h igh  s u l f u r  cap tu re  ( a t  t he  c o s t  of i nc reased  
d e p o s i t i o n ) .  I n  t h i s  exper imenta l  s t u d y ,  ca lc ium hydroxide  was i n t e g r a t e d  i n t o  
coa l -water  mix tu res  and i n j e c t e d  i n  a combustion sys tem which s imula t e s  t h e  thermo- 
dynamic and aerodynamic environment of  a gas  t u r b i n e .  S u l f u r  cap tu re  was de te rmined  
by a n a l y s i s  of  e x t r a c t e d  g a s  and s o l i d  samples .  The PACKAGE computer program p r e -  
d i c t s  80 p e r c e n t  s u l f u r  c a p t u r e  f o r  ca l c ium- to - su l fu r  (Ca/S) atomic r a t i o  of 1.5, 
f u e l - t o - a i r  r a t i o  of  0 .07,  l l O O ° C ,  and 10 a tmospheres .  This  compares w e l l  wi th  the 
repor t ed  GE da ta  of 60-70 p e r c e n t  c a p t u r e  (20) f o r  hydra ted  so rben t s .  I t  is i n t r i g u -  
i n g  t h a t  even  s h o r t  r c s idence  t ime c o n d i t i o n s  such  a s  t h e s e  do n o t  n e c e s s a r i l y  
i n v a l i d a t e  equ i l ib r ium model i n e .  Even thccph scrbent - t i ? i z e t i o n  Is c e r t a i n l y  iinir- 
dependent,  t h e  assumpt ion  of i n s t an taneous  r e a c t i o n  i s  probably  no t  f a r f e t ched  i n  
t h e  h ighly  r e a c t i v e ,  h igh- tempera ture  combustion environment.  

5. CONCLUSIONS AND RECOMMENDATIONS 

An a t tempt  has  been made i n  t h i s  paper  t o  i l l u s t r a t e  and j u s t i f y  t h e  u s e  of a n  
equilibrium-thermodynamic approach  t o  modeling t h e  d i s t r i b u t i o n  of s u l f u r  s p e c i e s  i n  
t h e  product  s t reams of  c o a l  convers ion  p rocesses .  I t  has  been demonstrated t h a t  
equ i l ib r ium c a l c u l a t i o n s  s imula t e  t h e  q u a l i t a t i v e  e f f e c t s  o f  va r ious  s u l f u r  s o r b e n t s  
and gas  c leanup c o n d i t i o n s  ( t empera tu re ,  p r e s s u r e ,  so rben t - to - su l fu r  r a t i o )  w i t h  
good accuracy ,  e s p e c i a l l y  i n  r e a c t o r  c o n f i g u r a t i o n s  t h a t  ensu re  c l o s e  mixing of t h e  
components. The e x t e n t  t o  which equ i l ib r ium e s t i m a t e s  of s u l f u r  cap tu re  and so rben t  
u t i l i z a t i o n  a r e  q u a n t i t a t i v e l y  r e a l i s t i c  has  been eva lua ted  on t h e  b a s i s  of compari- 
sons  wi th  d a t a  ob ta ined  under c o a l  d e v o l a t i l i z a t i o n  ( i n  t h e  METC SHRODR), g a s i f i c a -  
t i o n  ( i n  t h e  METC f ixed-bed  g a s i f i e r ) ,  and combustion ( i n  t h e  GE t u r b i n e  s imula to r )  
cond i t ions .  P re l imina ry  i n d i c a t i o n s  a r e  t h a t  equ i l ib r ium composition p r e d i c t i o n s  a r e  
i n  s u r p r i s i n g l y  good q u a n t i t a t i v e  agreement wi th  measured da ta  f o r  a l l  s p e c i e s  
inc luded  i n  t h e  e x t e n s i v e  thermodynamic d a t a  base  employed. This  t e n t a t i v e  conclu- 
s i o n  w i l l  b e  v e r i f i e d  by repea ted  comparisons of  model p r e d i c t i o n s  wi th  o t h e r  s u l f u r -  
removal d a t a  a s  it becomes a v a i l a b l e .  The unexpected success  of t he  p r e s e n t  
p re l imina ry  computa t iona l  model f o r  s u l f u r  s o r p t i o n  bodes w e l l  f o r  t h e  more compre- 
hens ive  t h e o r e t i c a l  ana lyses  p lanned  f o r  t h e  f u t u r e .  The a n t i c i p a t e d  f a i l u r e  of t h i s  
s imple  a lgo r i thm t o  s i m u l a t e  t r a n s p o r t  a n d .  k i n e t i c  l i m i t a t i o n s  t o  t h e  su l fu r - l ime  
r e a c t i o n  no twi ths t and ing ,  t h e  most a t t r a c t i v e  f e a t u r e s  of t h e  equ i l ib r ium approach 
remain the  e l i m i n a t i o n  of t h e  u n c e r t a i n t i e s  sur rounding  more d e t a i l e d  g a s l s o l i d  
i n t e r f a c i a l  k i n e t i c  models,  and the  r e l a t i v e  e a s e  and convenience of i t s  a p p l i c a t i o n .  
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